Folic acid supplementation can prevent many cases of neural tube defects (NTDs), whereas suboptimal maternal folate status is a risk factor, suggesting that folate metabolism is a key determinant of susceptibility to NTDs. Despite extensive genetic analysis of folate cycle enzymes, and quantification of metabolites in maternal blood, neither the protective mechanism nor the relationship between maternal folate status and susceptibility are understood in most cases. In order to investigate potential abnormalities in folate metabolism in the embryo itself, we derived primary fibroblastic cell lines from foetuses affected by NTDs and subjected them to the dU suppression test, a sensitive metabolic test of folate metabolism. Significantly, a subset of NTD cases exhibited low scores in this test, indicative of abnormalities in folate cycling that may be causally linked to the defect. Susceptibility to NTDs may be increased by suppression of the methylation cycle, which is interlinked with the folate cycle. However, reduced efficacy in the dU suppression test was not associated with altered abundance of the methylation cycle intermediates, s-adenosylmethionine and s-adenosylhomocysteine, suggesting that a methylation cycle defect is unlikely to be responsible for the observed abnormality of folate metabolism. Genotyping of samples for known polymorphisms in genes encoding folate-associated enzymes did not reveal any correlation between specific genotypes and the observed abnormalities in folate metabolism. These data suggest that as yet unrecognized genetic variants result in embryonic abnormalities of folate cycling that may be causally related to NTDs.
Introduction
Despite their high frequency (1 per 1000 pregnancies) and clinical severity, the cause of neural tube defects (NTDs) in human pregnancies is poorly understood in most cases. Population and family studies indicate a genetic component in human NTDs, while more than 100 genetic mutations are known to cause NTDs in mice (Copp et al., 2003; Boyles et al., 2005) . However, the relative scarcity of familial cases and failure to identify single gene mutations as major causes of NTDs suggests that most cases result from summation of multiple genetic and/or environmental factors. Among these factors, maternal nutritional status is a key determinant of pregnancy outcome and attention has focused on folic acid, a vitamin whose biological derivatives are integral to the interlinked folate and methionine cycles (Scott, 1999; Blom et al., 2006) . Clinical trials demonstrate that supplementation with folic acid prior to and during early pregnancy reduces the risk of NTDs in the developing foetus (Wald et al., 1991; Czeizel and Dudás, 1992) . Conversely, reduced folate levels or elevated homocysteine levels (an inverse indicator of folate status) in maternal serum or plasma are risk factors for NTDs (Kirke et al., 1993; Steegers-Theunissen et al., 1994; Mills et al., 1995) .
Despite compelling evidence for an involvement of folate metabolism, neither the protective mechanism nor the relationship between maternal folate status and susceptibility to NTDs are well defined. One possibility is that folic acid acts to overcome insufficient maternal folate levels. However, in most cases, mothers of affected foetuses have either normal folate status or are, at most, mildly folate-deficient, arguing against maternal folate deficiency as a major causative factor (Mills et al., 1996; Scott, 1999; Van der Put et al., 2001) . Alternatively, it is postulated that supplemental folic acid may act to overcome an underlying defect in folate metabolism that results from a genetic mutation in mother or foetus. For this reason proteins that mediate, or are functionally associated with, folate metabolism have provided candidates for genetic analysis in human NTDs (Boyles et al., 2005) . Attention has particularly focused on polymorphisms in the gene encoding 5,10-methylenetetrahydrofolate reductase (MTHFR), with the C677T polymorphism conferring increased risk of NTDs in some, but not all, populations (Van der Put et al., 2001; Kirke et al., 2004; Boyles et al., 2005) . In those populations in which an association between MTHFR genotype and NTDs has been detected, estimates of the proportion of NTDs that can be attributed to this genetic polymorphism range from 11 to 26% (Ou et al., 1996; Kirke et al., 2004) . Analysis of other MTHFR polymorphisms or different folate-related genes has not revealed consistent associations with NTDs (Boyles et al., 2005) . Therefore, the extent to which the genetic component of NTDs involves folate-related genes is currently unclear.
As an alternative approach to screening for genetic mutations we decided to directly test the possibility that abnormalities in folate metabolism may be associated with increased risk of NTDs, by analysis of fibroblastic cell lines generated from foetuses affected by NTDs. As a means of investigating the integrity of the folate cycle we utilized the deoxyuridine (dU) suppression test (Killman, 1964; Fleming and Copp, 1998) , which depends on the ability of deoxyuridine monophosphate (dUMP) to suppress the incorporation of thymidine into DNA. Deoxythymidine monophosphate (dTMP), the precursor of pyrimidines, can be generated from dUMP (de novo synthesis catalysed by thymidylate synthase) or by phosphorylation of thymidine (the salvage pathway effected by thymidylate kinase) (Fig. 1A) . Exogenous dUMP stimulates the de novo pathway and thereby suppresses incorporation of thymidine into genomic DNA, provided that the key intermediate 5,10-methylenetetrahydrofolate is available as part of normal folate metabolism (Fig. 1A) . Therefore, the ability of dUMP to suppress thymidine incorporation into DNA provides a sensitive metabolic indicator of the integrity of the folate cycle. 
Material and methods

Clinical samples and cell culture
Samples were collected at University College London Hospital, at 12-21 weeks of pregnancy, with informed consent and ethical permission. Tissue samples (skin or cartilage) were collected at termination of pregnancy following ultrasound diagnosis of a foetal abnormality, and amniotic fluid was collected at amniocentesis (performed for diagnostic purposes). A total of 85 patients were recruited and primary cell lines were successfully established for 76 samples using standard techniques (Boyle and Griffin, 2001 ). These included pregnancies in which the foetus was diagnosed with NTDs (spina bifida and/or anencephaly), diagnosis being confirmed following examination by a foetal pathologist. Controls included pregnancies in which an abnormality other than NTD was detected in the foetus (abnormal controls) and apparently normal pregnancies undergoing amniocentesis. Since dU suppression test results did not differ between these two control groups, they were pooled for comparison with the NTD group. All subsequent culture and experimentation was performed 'blind' to sample category. Among these cell lines 33 were viable at the fifth passage when sufficient material was available for the dU suppression test to be applied. Primary human fibroblasts and mouse 3T3 cells were cultured in Dulbecco's Modified Eagle's Medium containing 10% v/v foetal calf serum, 100 units/ml penicillin and 100 mg/ml streptomycin, at 37 C in 5% CO 2 .
Deoxyuridine suppression test
Cells were seeded in tissue culture plates at 0.25 Â 10 6 cells per well and incubated overnight. Cells were then treated (1% v/v) with varying concentrations of deoxyuridine (dU; Sigma) in phosphate buffered saline (PBS) or PBS alone (n ¼ 3 for each treatment). After 2 h [ 3 H]thymidine (0.5 mCi/ml; Amersham Biosciences) was added and culture was continued for 24 h. Cells were harvested by trypsinization, resuspended in 0.3 M sodium hydroxide in PBS, lysed by freeze-thawing and analysed for [
3 H]thymidine incorporation into DNA and for total protein content (bicinchoninic acid protein assay reagent; Pierce). The percentage suppression of incorporation was calculated as the difference between [ 3 H]thymidine incorporation in the presence of dUMP (suppressed) or PBS only (maximal incorporation) expressed as a percentage of the incorporation with PBS only.
Quantification of s-adenosylmethionine and s-adenosylhomocysteine
Metabolites were quantified in individual cell lines by liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS) as described previously (Burren et al., 2006) .
Genotyping for known folate-related polymorphisms
Genomic DNA was prepared and genotyped for polymorphisms in MTHFR (C677T and A1298C) (Frosst et al., 1995; Van der Put et al., 1998) , MTHFD1 (G1958A) (Brody et al., 2002) , DHFR (IVS1del19bp) (Johnson et al., 2004) , GCPII (C1561T) (Vieira et al., 2002) , MTR (A2756G) (Zhu et al., 2003) and MTRR (A66G) (Zhu et al., 2003) , using published methods.
Results
Parameters of the dU suppression test, previously established for mouse embryos in culture (Fleming and Copp, 1998) , were optimized for application to cultured fibroblasts using mouse NIH3T3 cells (data not shown) and a primary human fibroblast cell line from a normal control pregnancy. Incorporation of [ 3 H]thymidine into genomic DNA of cultured cells was suppressed by exogenous dU in a dose-dependent manner, reaching a maximum of $80% at doses of 50 mM and above (Fig. 1B) . In order to test the ability of the dU suppression test to detect abnormal folate metabolism, pharmacological inhibitors of the folate cycle or the inter-linked methylation cycle were added to the cultures together with varying concentrations (10, 15 and 50 mM) of dU. We evaluated 5-fluorouracil, an inhibitor of thymidylate synthase, aminopterin, an inhibitor of dihydrofolate reductase and cycloleucine which inhibits methionine adenosyl transferase, a key enzyme of the methylation cycle. In each experiment, addition of dU alone suppressed the incorporation of thymidine, as expected, whereas 5-fluorouracil and aminopterin completely reversed this effect (data for cell line from control human pregnancy shown in Fig. 1C) . Indeed, addition of inhibitor frequently caused thymidine incorporation in the presence of dU to exceed that in its absence (Fig. 1C) , suggesting that flux through the thymidylate synthase or dihydrofolate reductase-mediated reactions was suppressed below baseline levels. As 5-fluorouracil acts directly to inhibit conversion of dUMP to dTMP, reversal of dU suppression was predicted. Aminopterin acts at a more distant part of the folate cycle, but its effect was nevertheless detectable by the dU suppression test. This finding provided confidence that, were a defect in the folate cycle to be present in a primary foetal cell line, then it would be detectable.
We next tested primary human fibroblast cell lines derived from foetuses with NTDs and from controls (Table 1) . A dose of 10 mM dU was applied, since this concentration produces significant suppression of thymidine incorporation but is within the dose-dependent range, in order to optimize sensitivity to variation in response between samples. Control cell lines exhibited suppression of thymidine incorporation of 34-53%, whereas NTD cell lines exhibited a greater variation between samples (16-53%; Fig. 2A) . Notably, the mean suppression of thymidine incorporation by dU was significantly lower in NTD cell lines than in controls (Table 1 , Fig. 2A ). Of particular interest, a subset of NTD cell lines displayed low suppression values, indicative of reduced efficacy of folate metabolism (Fig. 2B) . Thus, when data for all cell lines are considered in combination, there are significantly more NTD than control cell lines with dU suppression scores in the lowest quartile of values (eight NTD lines compared to zero controls; P50.05, Fisher exact test). The eight cell lines with lowest dU suppression scores included six spina bifida, one anencephaly and one spina bifida with anencephaly. Although low scores appear more prevalent in cell lines derived from spina bifida than anencephaly cases, this may reflect the greater proportion of spina bifida among the overall sample set (Table 1) . Thus, there was no significant difference between mean dU suppression scores for the NTD subtypes.
Remethylation of homocysteine by methionine synthase, which depends on 5-methyl tetrahydrofolate as cofactor, has been implicated as a potential site for folate-related defects in NTDs, owing to identification of elevated maternal homocysteine and reduced vitamin B 12 levels as risk factors (Kirke et al., 1993; Mills et al., 1995; Lucock et al., 1998) . A potential role for the methylation cycle is also indicated by experimental studies in which suppression of the methylation cycle causes NTDs in mouse embryos (Dunlevy et al., 2006a, b) . However, the abnormal dU suppression results obtained for NTD cell lines in this study appear unlikely to result from a defect in the methylation cycle, as we were unable to detect inhibition of the methylation cycle by cycloleucine treatment using the dU suppression test (Fig. 1C) . This was despite the fact that cycloleucine treatment did inhibit the methylation cycle, as shown by a significant reduction in the abundance of the intermediate s-adenosylmethionine in a control cell line (0.694 nmol/mg protein compared to 0.496 nmol/mg protein in treated cells; P50.005). In addition, there was no apparent correlation between the abundance (or the ratio of abundance) of s-adenosylmethionine (SAM) or s-adenosylhomocysteine (SAH) and the results of the dU suppression test in the foetal cell lines (Fig. 3 ). In fact, the level of SAH (Fig. 3C ) and the SAM/SAH ratio (Fig. 3D) , which are thought to be the key indicators of methylation cycle flux (Caudill et al., 2001) , differed from the overall mean by less than one standard deviation in the majority of cell lines. In one individual the SAM/SAH ratio was unusually high corresponding to a very high SAM concentration although this sample exhibited a 'normal' result in the dU suppression test. The biological significance of this finding is unclear, as a high SAM/SAH ratio would be predicted to correlate with enhanced flux through the methylation cycle, whereas it is reduced flux that has been associated with NTDs in mouse models (Dunlevy et al., 2006a, b) . In order to test whether abnormal dU suppression response resulted from genetic lesions in the folate cycle, samples were genotyped for known polymorphisms in folate-related genes (Fig. 4) , including 5,10-methylenetetrahydrofolate reductase (MTHFR), methylene tetrahydrofolate dehydrogenase/cyclohydrolase (MTHFD1), dihydrofolate reductase (DHFR), methionine synthase (MTR), methionine synthase reductase (MTRR) and glutamate carboxypeptidase II (GCPII). To date, the polymorphism most frequently linked to NTDs has been MTHFR C677T (Boyles et al., 2005) . However, in this study neither occurrence of NTDs nor abnormal dU suppression response can be attributed to the TT genotype as every cell line carried at least one C allele. Apart from MTHFR, the A66G polymorphism in MTRR has been most consistently found to show an association with NTDs (Wilson et al., 1999; Guéant-Rodriguez et al., 2003; Pietrzyk et al., 2003) , albeit mainly in combination with low cobalamin (Wilson et al., 1999) or the CC MTHFR genotype (GueantRodriguez et al., 2003) . Among NTDs in our study, four were homozygous for the MTRR A66G polymorphism, including the sample that exhibited the lowest score in the dU suppression test. However, MTRR genotype cannot solely explain the abnormal test results as the scores for the remaining cases are within the 'normal' range. This does not rule out the possibility that the GG genotype contributed to development of NTDs in these cases by a mechanism that does not involve significant suppression of the folate cycle. However, the frequency of GG genotype among the NTD cases (4 out of 21) does not significantly differ from the frequency in a control population (44 out of 184), analysed in a parallel study (data not shown). Overall, no obvious correlation between genotype and dU suppression score or occurrence of NTDs was detected (Fig. 4) .
Discussion
In this study, we observed diminished response in the dU suppression test, which indicates abnormal folate metabolism, in cell lines from a subset of foetuses affected by NTDs. Previous studies have investigated potential defects in folate metabolism in NTDs by quantification of metabolites in maternal blood. Interpretation is complicated, however, by the large number of folate derivatives, numerous feedback regulatory mechanisms and variation in findings between whole blood lysates and erythrocytes (Lucock et al., 1997 (Lucock et al., , 1998 . Measuring the response to perturbation of folate metabolism may be more likely to reveal underlying defects. For example, cell lysates derived from blood of women who had previously experienced an NTD pregnancy were able to utilize exogenous folate derivatives less effectively than control lysates (Lucock, 2000) . However, it is unclear how observations in non-gestational maternal blood extrapolate to pregnancy and to any effect on the foetus. One study utilized trophoblast cells, on the assumption that metabolism in these cells may be more relevant to the foetus. However, trophoblast is a highly specialized cell lineage that separates from the foetal component very early in development, only a few days after fertilization. In a limited number of samples derived from placentae of control and NTD pregnancies (at mid-gestation or term), a short delay in incorporation of exogenous 5-methyltetrahydrofolate into nucleic acid was observed in association with NTDs (Habibzadeh et al., 1993) . In the present study, we assessed folate metabolism in fibroblasts of foetal origin and used the dU suppression test to provide a global test of the efficacy of the folate cycle, rather than relying on a single reaction of folate metabolism. We found an abnormal dU suppression result in approximately one-third of NTD samples, whereas the remaining NTD cell lines gave dU suppression values in the normal range. In the NTD cases that showed apparently normal dU suppression results it seems likely that the underlying causes are unrelated to folate metabolism, although we cannot exclude the possibility that such cases would be preventable by folic acid at high dose (4-5 mg per day). It is known, for example, that a proportion of NTDs are not preventable by folic acid (Wald et al., 1991; Blom et al., 2006) . Larger scale studies will be needed, in future, to confirm the proportion of NTD foetuses in which a folate metabolic defect exists, and to determine the cause of NTDs that exhibit a normal dU suppression test. In our study the dU suppression test was not sensitive to inhibition of the methylation cycle and, therefore we quantified s-adenosylmethionine and s-adenosylhomocysteine in controls and NTDs. Despite evidence from human (Blom et al., 2006) and mouse studies (Dunlevy et al., 2006b ) that impairment of the methylation cycle may increase the risk of NTDs, we did not detect alterations in metabolite levels that would suggest such an effect in the cases examined in this study. However, as this study was based on cultured cells this does not rule out a role for NTD risk being increased by impaired methylation which results from an environmental effect, such as diet. Currently, it is not possible to specify which step(s) of the folate cycle are suboptimal leading to reduced availability of 5,10-methylenetetrahydrofolate, the cause of the abnormal dU suppression results in the NTD samples. Indeed, the underlying defect may differ between cases. However, as the foetal cell lines were cultured under identical conditions, and split several times prior to testing, variation in response to dU is presumably determined by genetic factors. Folate metabolism is regulated by a complex network of interactions in which abundance or ratios of metabolites influence activity of key enzymes. It is therefore likely that flux through the folate cycle and, hence, availability of 5,10-methylenetetrahydrofolate, is influenced by multiple gene products, some of which are direct mediators of folate cycle reactions. As a step towards identification of the genes responsible for abnormal folate metabolism we screened known polymorphisms. The lack of correlation between folate cycle efficacy and the known polymorphisms in folate-related genes suggests that other, as yet unidentified, mutations are responsible for abnormal folate metabolism in these NTD cases. Such changes could be in suspected 'risk factor' genes such as MTHFR, or may be in other genes that have not been associated with NTDs to date.
In summary, folic acid is known to reduce susceptibility to NTDs and our data suggest strongly that an apparently genetically determined abnormality in foetal folate metabolism may be causally related to NTDs.
